The electronic structure, linear, and non-linear optical properties of ferroelectric-semiconductor SbSBr are investigated in the non-polar (paraelectric) and polar (ferroelectric) phase, using the density functional methods in the generalized gradient approximation. The electronic band structure obtained shows that SbSBr has an indirect forbidden gap of 2.16 and 2.21 eV in the paraelectric and ferroelectric phase, respectively. The linear photon-energy dependent dielectric functions and some optical functions, such as absorption and extinction coefficients, refractive index, energy-loss function, reflectivity, and optical conductivity in both phases and photon-energy dependent second-order susceptibilities in the ferroelectric phase are calculated. Moreover, some important optical parameters, such as the effective number of valence electrons and the effective optical dielectric constant, are calculated in both phases. 71.15.Mb, 71.20.Nr, 77.22.Ch, 77.22.Gm 
Introduction
Antimony-sulfobromide (SbSBr), a member of the group of V-VI-VII compounds, is a ferroelectric-semiconductor like SbSI, which exhibits anomalous electro-optical and electro-mechanical properties under visible light illumination. Antimony-sulfobromide has a highly anisotropic structure and a low phase transition temperature (T ∼ = 22.8 K) [1] . Nitsche and Merz [2] reported that SbSBr and the other ternary compounds of the type V-VI-VII (V=Sb, Bi; VI=S, Se, Te; VII=Cl, Br, I) are photoconductors. The crystal structure of SbSBr was investigated by Donges [3] , by Christofferson and McCullough [4] at room temperature, and by Inushima and Uchinokura [5] at room temperature and at 11 K. SbSBr has an orthorhombic structure and has four SbSBr molecules (12 atoms) in an unit cell. Each molecule of SbSBr extends chain-like along the c-axis, which is also the polarization axis in the ferroelectric phase. SbSBr belongs to the point group mmm (space group Pnam) and to the point group mm2 (space group Pna2 1 ) in the paraelectric phase above the Curie point and in the ferroelectric phase below the Curie point, respectively. The crystal dimensions and the atomic po-sitions are given in Table 1 , and the crystal structure of SbSBr is given in Fig. 1 [5] . As can be seen from Fig.  1 and Table 1 , the antimony and sulfur atoms shift along the c-axis below the Curie point with respect to bromine by about 0.109 Åand 0.034, respectively, from 294 K to 11 K. These shifts show that the phase transition is the displacive type.
The position of the th atom ( =1,2,3,4) of the atomic species ( =Sb, S, or Br) in any unit cell is given by R ( ) = R 0 + ( ) , where R 0 is the translation vector of the orthorhombic crystal system and represents the unit cell considered. The vector ( ) indicates the non-primitive translation vector, and it is written as ( ) = ( ) , ν ( ) , and λ ( ) , the symmetry operations, are given in the following form:
The values of , , and are given in Table 1 .
The electronic properties and band structure of the paraelectric SbSBr were investigated using the empirical psuedopotential method by Alward et al. [6] . They calculated the upper valence and lower conduction bands of the non-polar SbSBr along a few special symmetry directions in the Brillouin zone and reported that SbSBr has an indirect forbidden gap with a value 2.18 eV. They also reported that in the band structure the valence band maximum is slightly displaced from the usual location of the maximum (at symmetry point Γ in the BZ) in the semiconductors. The maximum of the valence band was between the Z and Γ symmetry points, and the conduction band minimum was at the symmetry point S. Pikka and Fridkin [7] reported that SbSBr has an indirect gap with a value 2.22 eV, and Inushima [1] reported that SbSBr has forbidden gap energy of 2.5 eV, in the paraelectric phase. Some optical properties of SbSBr such as reflectivity, dielectric constant, and refractive index were also studied empirically and semi-empirically [6, 7, 9] .
In the present work, we have investigated the electronic band structure, total density of states, and frequency-(or photon energy-) dependent optical properties of the SbSBr single crystal, using a pseudopotential method based on the density functional theory (DFT) in the generalized gradient approximation (GGA).
Computational methods
The self-consistent, norm-conserving pseudopotentials have been generated using FHI98PP code [10] with the Troullier-Martins scheme [11] . In order to take into account the exchange-correlation effects, the Perdew-BurkeErnzerhof GGA functional (PBE-GGA-96) [12] has been used to generate the pseudopotentials. For Sb atoms, 5s and 5p electrons, for Br atoms, 4s and 4p electrons, and for S atoms, 3s and 3p electrons were considered as the true valence. Plane waves were used as the basis set for the electronic wave functions. In order to solve the Kohn-Sham equations [13] , the conjugate gradient minimization method [14] was employed by the ABINIT code 1 [15] . In the bulk total-energy and band-structure calculations, the exchange-correlation effects and the self-energy effects (for the band gap correction) were taken into account, with the PBE-GGA-96 functional and GW approximation [16] , respectively. All the calculations involve a 12-atom, orthorhombic unit cell. Good convergence for the bulk total-energy calculation has been achieved with the choice of cut-off energies at 20 Hartree using a 6×6×6 Monkhorst-Pack [17] mesh grid. It is well known that the electric field vector E(ω) of the incoming light polarizes the material. This polarization can be calculated using the following relation:
If the material is a polar crystal and has a spontaneous polarization P S , the total polarization of the material consists of two terms:
where P is the induced polarization that corresponds to the polarization in Eq. (1), and it is related to the optical response. In Eq.
(1) χ (1) is the frequency-dependent linear optical susceptibility tensor and is given by energy of band at wave vector , ε (ω) is the frequencydependent dielectric tensor, and the are the matrix elements of the position operator and are given by
is the free electron mass, and is the momentum matrix element. As can be seen from Eq. (3), the dielectric function ε (ω) = 1 + 4 π χ (1) (−ω ω) and the imaginary part of ε (ω), ε 2 (ω) is given by
The real part of ε (ω), ε 1 (ω), can be obtained by using the Kramers-Kronig transformation,
In Eq. (1) χ (2) is the frequency-dependent, second-order susceptibility tensor and is given by [18, 19] χ (2) (
where is the contribution of interband transitions to second-order susceptibility,
is the contribution of intraband transitions to second-order susceptibility, and
is the modulation of interband terms by intrabands terms. Also,
( ), where is the free electron mass and ( ) is the indicated momentum matrix element. In these expressions denotes the valence states, the conduction states, and denotes all other states ( = ).
As the Kohn-Sham equations only determine the ground- state properties, the unoccupied conduction bands have no physical significance. If they are used as single-particle states in the optical calculation of semiconductors, a band gap problem appears: The absorption starts at a too-low energy [18] . In order to remove the deficiency, the manybody effects must be included in calculations of response functions. In order to take into account the self-energy effects, in the present work, we used the scissors approximation [18] . Within the scissors approximation the Hamiltonian from which response functions are calculated is given bỹ
where
and
is the scissors operator [18] . In this expression the sum is over all and conduction bands , ∆ is the constant energy shift related to the correction of the band gap, and denotes single-particle eigenstates of the unperturbed Hamiltonian. In the framework of the scissors approximation, Eq. (3) can be rewritten as follows:
In the present work, ∆, the scissor shift to make the theoretical band gap match the experimental one, is ∆=0.4 eV. The only difference between Eqs. (3) and (13) is the modification of the frequencies ω , ω → ∆ (δ − δ ). Expressions for the absorption coefficient, α(ω), extinction coefficient, (ω), refractive index, (ω), energy-loss spectrum, L(ω), reflectivity, R(ω), and optical conductivity, σ (ω), are given as follows, respectively: (ω) = 1 2 The known sum rules [20] can be used to determine some quantitative parameters, particularly the effective number of the valence electrons per unit cell, N , as well as the effective optical dielectric constant, ε , which contributes to the optical constants of a crystal at energy E 0 . One can obtain an estimate of the distribution of oscillator strengths for both intraband and interband transitions by computing the N (E 0 ) defined according to
where N is the density of atoms in a crystal , and are the charge and mass of the electron, respectively, and N (E ) is the effective number of electrons contributing to optical transitions below an energy of E .
Further information on the role of the core and semi-core bands may be obtained by computing the contribution that the various bands make to the static dielectric constant, ε 0 . According to the Kramers-Kronig relations, one has
One can therefore define an "effective" dielectric constant, which represents a different mean of the interband transitions from that represented by the sum rule, Eq. (16), according to the relation
The physical meaning of ε is quite clear: ε is the effective optical dielectric constant governed by the interband transitions in the energy range from zero to E 0 , that is, by the polarization of the electron shells. 
Results and discussion
The band structures of the SbSBr single crystal have been calculated in both phases along high symmetry directions in the first Brillouin zone. The results of the band structure calculations in the paraelectric phase are presented in Fig. 2 . The other band structure calculation that has appeared in the literature is based on an empirical, pseudopotential method and limited to a few symmetry directions in the BZ [6] . In our calculations, we have used more extensive symmetry directions in a wider energy range to include more valence levels. We have not given the calculated band structure in the ferroelectric phase. However, in Fig. 3 we have presented the variation in the band gap of a SbSBr single crystal, which comes under the ferroelectric phase transition. In the electronic band structures, the presence of well separated groups of bands is clearly visible. In the rightmost panel of Fig. 2 , the normalized total density of states (DOS) in the paraelectric phase is shown.
In both phases, while the maximum of the valence band is located between the Z and Γ symmetry points, the minimum of the conduction band is located at the S symmetry point of the BZ. The forbidden-band gap in both phases is thus indirect, with values of 2.16 and 2.21 eV in the para-and ferroelectric phase, respectively (∆E =0.05 eV). Increases in the band gap take root from decreasing temperature and spontaneous polarization, which appears in the ferroelectric phase. In order to calculate the optical response by using the calculated structures, we have chosen a photon-energy range of 0-30 eV, and have seen that a 0-20 eV photonenergy range for a linear optical response and a 0-7 eV photon-energy range for a non-linear optical response are sufficient. The SbSBr single crystal has an orthorhombic structure that is optically a biaxial system in both phases. Therefore, the linear dielectric tensor of the SbSBr crystal has three independent components, which are the diagonal elements of the linear dielectric tensor. The paraelectric SbSBr crystal, which belongs to the point group mmm, is a centrosymmetric crystal. Therefore, all components of the second-order susceptibility tensor of the paraelectric SbSBr vanish. But the second-order susceptibility tensor of the ferroelectric SbSBr crystal has five independent components(133), (131), (233), (333), and (231) because the ferroelectric SbSBr crystal that belongs to the point group mm2 is a non-centrosymmetric crystal.
In the present work, we have only calculated component (333) of the second-order susceptibility tensor. The calculated real and imaginary parts of the 11-22-and 33-components of the photon-energy dependent, linear dielectric tensor and energy-loss functions in the directions of the crystal axes, -, -, and -axis, in both phases, are presented in Figs. 4, 5 and 6, respectively. The values of the ε 11 2 , ε 22 2 , and ε 33 2 peaks, which are indicated in Figs. 4, 5 and 6, are summarized in Table 2 . These peaks correspond to the transitions from the valence band to the conduction band. As can be seen from the figures, while the 0-2.0 eV photon-energy range is characterized by high transparency, no absorption, and a small reflectivity, the 2.0-5.5 eV photon-energy range is charac-terized by strong absorption and appreciable reflectivity for all directions of the crystal axes in both phases. The photon-energy ranges of 5.5-8.0 eV for the 11-direction, 5.5-7.0 eV for the 22-direction, and 5.5-15.0 eV for the 33-direction are characterized by high reflectivity in both phases.
As can be seen from Figs. 4, 5 and 6, in the photon-energy ranges 4.0-7.5 eV for the 11-direction, and 3.7-5.5 eV for the 22-and 33-directions, the real parts of the dielectric function decrease with increasing photon energy, which is characteristic of an anomalous dispersion, while they increase with increasing photon energy, except for these energy regions, which is the normal dispersion in the paraand ferroelectric phase. These figures show also that the SbSBr single crystal has a high anisotropy, because the dielectric functions in different directions gain different maximum values. The photon-energy values, in which the real parts of the dielectric functions in the directions of the crystal axes vanish, are presented in Table 3 .
The calculated energy-loss functions, Imε [21] . In the para-and ferroelectric phase, the curve of L 11 in Fig. 4 has a maximum near 8.16 eV, which is comparable with the values of 8.04 and 8.00 eV in Table 3 . Yet the curve of L 22 in Fig. 5 has a maximum near 6.30 eV, which is close to the values of 5.62 and 5.56 eV in Table 3 . Finally, the energy-loss function along the 33-direction, L 33 (see Fig.  6 Table 3 . Fig. 7 shows the spectral dependence of the calculated main refractive indices in a wide wavelength range and extinction coefficients along the directions of the main crystal axes in the para-and ferroelectric phase. As can be seen in Fig. 7a , the values 11 ( ), 22 ( ), and 33 ( ) decrease with the transition from the intrinsic absorption region towards long waves, that is, a normal dispersion takes place in both phases. The maxima obtained in the = (λ) dependence in the directions of the main crystal axes and the previous results [9] for , , and are given Table 4 . The difference in the positions of the spectra, , , and , are due to the different positions of the SbSBr absorption edge, which, in turn, are due to the crystal anisotropy.
The calculated absorption coefficients and reflectivities in the para-and ferroelectric phase along the directions of the main crystal axes are shown in Fig. 8 . It is seen from Fig. 8a that the photon-energy range of 2.0-5.5 eV corresponds to an absorption region for all directions in both phases. As can be seen in Fig. 8b , the photon-energy range of 5.5-8.0 eV for the 11-direction, of 5.5-7.0 eV for the 22-direction, and of 5.5-15.0 eV for the 33-direction are high reflectivity regions for both phases. The results for reflectivities are in good agreement with the previous results in the low photon-energy region [6] .
The calculated optical conductivities in the directions of the main crystal axes are presented in Fig. 9a , and the wavelengths in which the optical conductivity has a maximum value are given Table 5 .
The calculated effective number of valence electrons N and effective dielectric constant ε in both phases are shown in Fig. 9b . The effective number of valence electrons per unit cell, contributing in the interband transitions, reaches a saturation value at about 11 eV. This means that the deep-lying valence orbitals do not participate in the interband transitions (see Fig. 2 and Fig.  9b ).
The effective optical dielectric constant ε shown in Fig.  9b , reaches a saturation value at about 10 eV. The energy dependence of optical dielectric constant can be separated into two regions. In the first ε rise rapidly and extends up to 5.5 eV. The second is characterized by a smooth and slow rise, and in this region the value of optical dielectric constant tends to saturate at energies of 10 eV. This means that the greatest contribution to the optical dielectric constant arises from interband transitions between 2.0 eV and 10.0 eV.
The non-linear optical response calculations are important for non-centrosymmetric materials because of the device applications. For the theoretical contribution to such applications, we have also investigated the non-linear optical properties of SbSBr. The calculated SHG (Second Harmonic Generation) susceptibility χ (2) 333 (2ω ω ω)for the ferroelectric SbSBr is illustrated in Fig. 10 . Intraband and interband contributions to the total real and imaginary parts of susceptibility χ (2) 333 (2ω ω ω)are separately calculated and given in the figure.
Conclusions
In this work, we have made a detailed investigation of the electronic and linear and non-linear optical properties of the ferroelectric-semiconductor SbSBr single crystal in the paraelectric and ferroelectric phase, using the density functional methods. Our aim was to apply the density functional methods to the ferroelectric-semiconductor antimony-sulfobromide. As far as we know, there is no ab initio calculation of the electronic and optical properties of SbSBr in the literature. It was shown that SbSBr has an indirect band gap in both phases. The band gap values obtained are in excellent agreement with previous results. The photon-energy dependent dielectric functions, as well as related quantities such as energy-loss functions, refractive indices, extinction and absorption coefficients, reflectivities, and optical conductivities were investigated and calculated along the directions of the main crystal axes in both phases. The results for the reflectivity are in good agreement with the previous results in the low photonenergy region. Some important optical parameters, such as the effective number of valence electrons per unit cell participating in the interband transitions and the effective optical dielectric function, were also calculated. Moreover, SHG susceptibilities were calculated.
